Current models of working memory and focal attention converge on the idea of an adaptable global system, distributed across a network of frontal and parietal brain regions. Here, we examine how the human frontoparietal network selectively adapts to represent currently relevant information during a simple attentional task: monitoring for a target item in a series of nontargets. Across the entire frontoparietal network, there is selective response to targets, in line with a global system for coding task-relevant inputs. At the same time, there are striking dissociations in response to nontargets; whereas ventrolateral frontal cortex responds just to the target, more dorsal/anterior regions respond to all stimuli from the target category. The results show different degrees of target selectivity across different regions of the frontoparietal network.
Introduction
In the human brain, a common network of frontal and parietal regions is involved in a variety of tasks requiring the deliberate control of thought and action. In task-switching experiments, for example, the lateral prefrontal cortex (LPFC) and the posterior parietal cortex (PPC) commonly activate when the focus of attention is changed (Dove et al., 2000; Kimberg et al., 2000; Sohn et al., 2000; Dreher and Grafman, 2002; Braver et al., 2003; Hampshire and Owen, 2006) . A similar network of brain regions activates during tasks requiring working memory and decision making (Duncan and Owen, 2000) . This pattern of activation has led many researchers to propose that frontal and parietal brain regions form an adaptable global system, which underlies the flexibility of human behavior by enabling us to deliberately and selectively focus our attention on currently relevant information (Norman and Shallice, 1980; Dehaene et al., 1998; Duncan, 2001; Miller and Cohen, 2001) . Highly adaptable frontal lobe activity has also been observed in nonhuman primates using single-cell recording (Miller and Cohen, 2001) . During categorization tasks, for example, neurons in the monkey LPFC tune to respond selectively to just those categories that are currently relevant, while becoming unresponsive to those same categories when the task demands change (Freedman et al., 2001 ). More generally, neurons in the LPFC selectively respond to a broad range of taskrelevant information (e.g., stimuli, responses, rewards, and the contents of working memory) (Duncan, 2001; Miller and Cohen, 2001) , including learned target stimuli (Everling et al., 2002) .
Here, we investigate the selective properties of the human attentional system. We use a simple monitoring task that enables us to examine how the frontoparietal network adapts to respond to the presentation of a target item among a series of nontargets. Nontargets are drawn from either the same or a different category as the current target item, allowing categorical similarity to be used as a metric for comparing how selective the neural response in different frontoparietal subregions actually is (Fig. 1) . Using functional magnetic resonance imaging (fMRI), we search the brain for regions that follow either a tightly tuned profile, responding selectively to just the current target item, or that follow a more widely tuned profile, responding to all stimuli from the same category as that target. Even in this simple task, a broad swathe of frontoparietal cortex becomes involved in detection of the target item. Simultaneously, striking dissociations are apparent in the extent of selectivity in distinct subregions of this network.
Materials and Methods
Volunteers were instructed to look for a visually displayed target item within sequences of nontarget items. At the beginning of a sequence, the new target item appeared with the word "target" underneath for 2000 ms. Subsequently, each item of the sequence was displayed for 750 ms (interstimulus intervals jittered from 250 to 750 ms). At the end of each sequence, the question "Was the last stimulus the target?" appeared on the screen for 2500 ms and the volunteer was required to respond yes or no, using a button box with the first two digits of their right hand. The sequence length was varied from one to eight items in a row to ensure that attention was maintained throughout, and responses were made only when cued at the end of a sequence to keep critical contrasts free from motor activity. Fourteen right-handed volunteers between the ages of 20 and 40 undertook the fMRI task, which consisted of two 12 min blocks of scanning acquisition, each containing 40 stimulus sequences. Target and nontarget items were taken from the same pool of 80 unfamiliar stimuli, consisting of 20 pictures from each of four distinct categories: faces, buildings, abstract line figures, and abstract shapes. Volunteers monitored 376 stimuli over the two blocks combined, with 74 targets, 74 nontargets from the target category, and the remaining nontargets drawn from other categories. The sequences were predefined and pseudorandomized, with no individual picture used as the target item more than once within a block of scanning acquisition. Within a given sequence, the current target item could appear at any or multiple points. The presentation of targets, same-category nontargets, and other-category nontargets was balanced across the experimental block so that the relative probabilities were equivalent across all eight positions in the stimulus sequence.
Scanning was performed at the Wolfson Brain Imaging Centre (3 tesla Medspec s300 scanner; Bruker, Ettingen, Germany). Twenty-one 4 mm slices (1 mm interslice gap) were acquired in 1.1 s for each image (inplane resolution, 3.125 ϫ 3.125 mm). Seven hundred twenty T2-weighted echo-planar images (EPIs) depicting blood oxygenation leveldependent contrast were acquired per run, with the first 18 discarded to avoid T1 equilibrium effects. The experiment was programmed in Visual Basic, and the display projected onto a screen, visible from the scanner via a mirror, with stimuli subtending a visual angle of 6°.
Seventeen event types were included in the fMRI linear model, of which 12 were defined when the volunteer was monitoring for the target item. These were presentation of the following: the current target, nontargets from the target category, and nontargets from different categories, with these three conditions modeled separately for the four stimulus categories. The stage when the target was defined was also included in the fMRI model separately for each stimulus category, and the response cue formed the final event type.
Images were slice-time acquisition corrected, reoriented, subject motion corrected, geometrically undistorted using phase maps (Cusack et al., 2003) , spatially normalized to the standard Montreal Neurological Institute EPI template, smoothed with an 8 mm full-width at halfmaximum Gaussian kernel, and modeled using Statistical Parametric Mapping 2 (SPM2; Wellcome Department of Cognitive Neurology, London, UK). The time series were high-pass filtered (cutoff period, 128 s), and the hemodynamic response was modeled to the stimulus onsets and durations. The contrasts of interest were extracted, and the statistical maps for the critical contrasts were exported and examined in a randomeffects whole-brain analysis in SPM2.
In the group-level whole-brain analysis, we sorted target-sensitive regions into three types according to the extent of selectivity: tightly tuned, medium tuned, and widely tuned using a masked analysis. In each case, the main contrast used false discovery rate (FDR) correction at p ϭ 0.001, and masks were generated at p Ͻ 0.05 uncorrected.
Tightly tuned brain regions were identified by contrasting presentation of the target with the mean of the two nontarget conditions. The mask excluded regions that were more responsive to nontargets from the target category than those from the other categories.
Regions that were medium tuned were also localized by using the contrast of targets against the mean of the two nontarget conditions. This time, the mask included only those regions that were more activated by nontargets from the target category compared with those from the other categories.
For widely tuned brain regions, the main contrast compared the mean of target and same-category nontargets with nontargets from other categories. The mask excluded brain regions that were more activated by the target than the same-category nontargets.
A second analysis used data from the second experimental block to define a series of regions of interest (ROIs). These ROIs were then used for analysis of the independent data from the first block. In block 2 data, comparison of targets with same-category nontargets generated peak activation bilaterally in the ventrolateral prefrontal cortex (VLPFC) at p ϭ 0.05 FDR corrected, and 10 mm spherical ROIs were centered on the peak coordinates (left: x ϭ Ϫ32, y ϭ 22, z ϭ Ϫ6; right: x ϭ 46, y ϭ 18, z ϭ 6). Comparison of target-category and other-category nontargets generated peaks in the right dorsolateral prefrontal cortex (DLPFC), right frontopolar cortex (FPC), and bilateral PPC, and 10 mm spherical ROIs were centered on the peak coordinates (DLPFC: x ϭ 46, y ϭ 34, z ϭ 20; FPC: x ϭ 34, y ϭ 60, z ϭ 10; left PPC: x ϭ Ϫ28, y ϭ Ϫ60, z ϭ 42; right PPC: x ϭ 32, y ϭ Ϫ60, z ϭ 48). There were no significant DLPFC or FPC activations in the left hemisphere for these contrasts even at the reduced threshold of p ϭ 0.001 uncorrected. Block 1 data were extracted from these ROIs for presentation of the target, same-category nontargets, and other-category nontargets using the MARSBAR ROI toolbox (Brett et al., 2002) . Data were exported to SPSS (Chicago, IL) software for analysis using pairwise t tests and ANOVA. At the beginning of a sequence, the current target item appeared with the word "target." Sequence lengths were varied from one to eight stimuli in a row, and the target could be presented at multiple, any, or none of those positions. At the end of each sequence, the question "Was the last stimulus the target?" appeared on the screen, and the volunteer was required to respond yes or no, using a button box. Target and nontarget items were taken from a pool of stimuli, consisting of pictures from each of four distinct categories: faces, buildings, abstract line figures, and abstract shapes. The stimuli monitored could therefore be categorized according to whether they were the target item, nontargets from the same category as the target item, or nontargets from one of the other three categories.
Results
In the whole-brain analysis, we first localized areas where activation was tightly tuned to the presentation of just the target stimulus, with no significant differences between responses to nontargets from the same or different categories as the target. Within the frontoparietal network, bilateral VLPFC and the presupplementary motor area followed a tightly tuned response function ( Fig. 2 and supplemental Table 1 , available at www.jneurosci.org as supplemental material).
A second contrast identified areas that followed an intermediate tuning pattern, because they were most activated by presentation of the target item but were also more activated by nontargets from the target category than nontargets from the other categories. Within the frontoparietal network, areas of significant activation were observed midway between the DLPFC and the VLPFC in the right hemisphere and bilaterally in the temporal-parietal junction (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
The third contrast localized widely tuned areas that responded to all stimuli from the current target category, regardless of whether it was the actual target that was presented. A region of activation was observed in the anterior right DLPFC extending toward the posterior extent of the right FPC. Bilateral PPC and bilateral ventral-stream visual areas also followed this widely tuned response function ( Fig. 2 and supplemental Table 1 , available at www.jneurosci.org as supplemental material). A more focused ROI analysis confirmed the findings from the whole-brain analysis. Regions were defined based on peak coordinates from experimental block 2, and the data were extracted from these ROIs for experimental block 1. Pairwise comparisons (Table 1) confirmed that the right DLPFC and PPC bilaterally were widely tuned, because both targets and nontargets from the target category generated more activation than nontargets from other categories, with no significant difference between the level of activation for targets and same-category nontargets. Conversely, the right VLPFC was tightly tuned, because activation was significantly greater for targets than nontargets, with no significant differences between the two nontarget conditions. In the right FPC, activation was only significantly greater for targets than other category nontargets.
For the right frontal ROIs, ANOVA confirmed a significant two-way interaction between ROI and similarity to the target (F (4, 52) ϭ 9.49; p Ͻ 0.001) with a significant main effect of similarity to the target (F (2, 26) ϭ 15.61; p Ͻ 0.001) and no significant main effect of ROI (F (2, 26) ϭ 2.98; p ϭ 0.068). Different tuning patterns for different regions of the right prefrontal cortex are illustrated in Figure 3 .
Discussion
The observation that a broad swathe of the frontal and parietal cortices becomes involved in simple target detection broadly supports models that propose a global system for attention and working memory (Norman and Shallice, 1980; Dehaene et al., 1998; Duncan, 2001; Miller and Cohen, 2001) . Furthermore, the activation associated with detection of the target item is observed collapsed across the different stimulus categories, supporting the view that this global system has the capacity to code many different types of information (Duncan, 2001) . However, in line with more modular accounts of frontoparietal organization, our findings demonstrate that even in a simple target detection task, subregions of this system can be dissociated by their differential responses to target category nontargets. Selectivity in some regions appears to extend to nontarget stimuli from the same category as the current target item, with the selective tuning curves widest in three distinct subregions: the more posterior extent of the left and right PPC and the anterior extent of the right DLPFC extending into the FPC.
The frontal activation foci reported in previous studies of Figure 2 . Relevance-sensitive brain areas. Results from the whole-brain analysis are shown. Green indicates brain regions that are tightly tuned to the target item; red indicates regions that are more widely tuned to the category level (see Introduction for definitions). The inset graphs display average activation levels extracted for the whole-activation clusters. Inset, Targets minus same-category nontargets and same-category nontargets minus nontargets from other categories, both contrasts at p Ͻ 0.05 uncorrected and unmasked. Little overlap (yellow) is observed between the two activation patterns even at this low threshold. TL, Temporal lobe; SMA, supplementary motor area.
working memory and attention appear to conform to an overall anatomical hierarchy. The VLPFC has been implicated in the simplest of executive tasks, such as the intentional encoding and retrieval of memories (Dove et al., 2006) and the deliberate maintenance of items in working memory (Owen et al., 1990; Petrides 1994 Petrides , 1995 . In contrast, the DLPFC has been implicated in more complex tasks such as problem solving (Hampshire and Owen, 2006) , the manipulation and monitoring of consciously maintained information (Petrides 1994 (Petrides , 1995 Owen et al., 1990; Petrides and Milner, 1982; D'Esposito and Postle, 1999) , and the use of higher-level structure while maintaining multiple items in working memory (Bor et al., 2001 ). It has been suggested that the FPC is at the apex of this frontal hierarchy, because of its involvement in cognitive branching (delaying the execution of one task until completion of another) (Koechlin et al., 1999 (Koechlin et al., , 2003 and in combining multiple cognitive rules (Ramnani and Owen, 2004) . Previously proposed models that seek to account for these apparent specializations within the human frontal cortex can be broadly subdivided into those that propose differences in the types of information that are represented and those that propose differences in the processes performed. It is possible to account for our findings with either a representational or a process-based model.
The most literal interpretation of our results would propose that anatomically distinct frontoparietal subregions represent information at different levels of abstraction. So, although the ventral regions of the LPFC could represent concrete information (e.g., currently relevant objects and actions), the more dorsal/ anterior regions could represent more abstract goal-oriented information such as stimulus categories and task dimensions. This simple idea can also account for many findings from the broader literature. Performing more complex task demands requires the mental coding of more complex task programs. Often, this will involve the maintenance of information that is increasingly abstracted away from the specific material that is at the focus of attention, toward more general task parameters, such as relevant categories, rules, and subgoals. It seems possible, therefore, that the observed widening in selective tuning across the DLPFC and the FPC is caused by representation of task-relevant information at more abstract levels. This account is also reminiscent of previous representation-based models of human frontal differentiation (Wood and Grafman, 2003) and fits particularly well with O'Reilly et al. (2002) , who proposed in their connectionist account that "prefrontal cortex areas are organized according to different levels of abstraction" as opposed to differences in process. In the model of O'Reilly et al. (2002) , different frontal regions were specifically organized according to whether they coded for individual objects or abstract object dimensions (color and shape), an account requiring little extension to include abstract object categories.
An alternative hypothesis capable of explaining the current findings would propose two partially overlapping patterns of activity associated with two distinct cognitive processes. One of the patterns, related to the process of selectively recognizing currently relevant information, would be most strongly represented in the VLPFC and would be activated only at the point of target presentation. The other pattern, related to increased attentional demand, would be most strongly represented in the more dorsal and anterior regions of the frontal cortex. It seems possible that when the current item is not in the target category, it can be quickly rejected, whereas the smaller differences between targets and same-category nontargets requires the deliberate focusing of attention, thereby activating this attentional engagement pattern.
The observation of a similar gradient in the selective tuning curve in the PPC could also be explained in terms of representational or process-based differences. It seems likely, however, that this gradient simply reflects the direction of information flow in the posterior brain, with increased attentional modulation as information progresses from early visual areas along the dorsal visual stream toward motor control regions. In the frontal cortex, however, the concept of increasingly tight tuning with increasingly processed information is too simple to explain findings from the broader literature that indicate that the more widely tuned frontal subregions are typically implicated during the most complex of cognitive demands.
Clear dissociations have been hard to find between anatomically distinct components of the frontoparietal system and have historically tended to depend on complex differences in cognitive demand (e.g., maintaining, manipulating, or monitoring information in working memory). In this respect, the observation of a clear dissociation between the extent of selective tuning in frontoparietal subregions during simple target detection provides a valuable new insight into the nature of frontoparietal specialization.
